The crystal structures of Mycobacterium smegmatis RecA (RecA Ms ) and its complexes with ADP, ATP␥S, and dATP show that RecA Ms has an expanded binding site like that in Mycobacterium tuberculosis RecA, although there are small differences between the proteins in their modes of nucleotide binding. Nucleotide binding is invariably accompanied by the movement of Gln 196, which appears to provide the trigger for transmitting the effect of nucleotide binding to the DNA-binding loops. These observations provide a framework for exploring the known properties of the RecA proteins.
Homologous genetic recombination plays an important role in the repair of DNA damage, generation of genetic diversity, maintenance of genomic integrity, and proper segregation of chromosomes. RecA protein plays a central role in all of these processes (4) . The mechanistic aspects of homologous recombination promoted by the prototype Escherichia coli RecA protein (RecA Ec ) may arguably be the best understood, but study of its counterparts from other organisms will be essential for establishing a more general understanding.
In contrast to the much-studied RecA Ec , Mycobacterium tuberculosis RecA (RecA Mt ) displays some unique characteristic features (13) . In particular, the M. tuberculosis recA gene contains an intervening sequence in its open reading frame which subsequently undergoes protein splicing to generate the 38-kDa active form of RecA (13) . Recently, our group reported the structures of RecA Mt and its nucleotide complexes and compared them with the structure of RecA Ec (5, 6, 19) . These investigations revealed, among other aspects, subtle differences in the overall arrangement of binding site residues, which provided an explanation for the reduced levels of ATP binding and hydrolysis in RecA Mt compared with those in RecA Ec (6) . Biochemical studies of M. tuberculosis have not only implicated the recombination machinery as being inefficient but have also revealed a high degree of illegitimate recombination. On the other hand, several independent lines of evidence suggest that the level of allele exchange in fast-growing Mycobacterium smegmatis, which is often used as a model for M. tuberculosis, is relatively high (9) . Homologous recombination is also important for the generation of mutants by allele exchange, which is proposed to be useful for the development of subunit vaccines and for understanding of the molecular mechanism of pathogenesis. To gain insights into the structural basis of these differences, we analyzed the structures of M. smegmatis RecA (RecA Ms ), which is devoid of an intein sequence (8a), and its complexes with nucleotide cofactors.
RecA Ms was purified as described elsewhere (Ganesh and Muniyappa, submitted). ADP, ATP␥S, and dATP were obtained from Amersham Biosciences. Native RecA Ms crystals were grown from a hanging drop of 6 mg of protein/ml in 100 mM citrate-phosphate buffer (pH 7.5) containing 100 mM NaCl, 0.2 mM dithiothreitol, 0.1 M ammonium acetate, and 6% polyethylene glycol 4000 equilibrated against 25% polyethylene glycol 4000 in the same buffer. Crystals of RecA Ms -ADP, RecA Ms -ATP␥S, and RecA Ms -dATP were grown by cocrystallization under similar conditions but in the presence of a 2 mM concentration of the appropriate nucleotide and 2 mM MgCl 2 . X-ray diffraction data from the native crystals and the complexes were collected at 24°C by using a MAR 300 imaging plate mounted on a Rigaku RU200 X-ray generator. In all cases, the crystal-to-plate distance was kept at 110 mm. Data were processed using the DENZO and SCALEPACK program suites (17) . The data collection statistics are given in Table 1 . The structure solution was achieved by molecular replacement by using AMoRe (16) with a search model constructed from RecA Mt (Protein Data Bank code 1G19). All manual rebuilding was carried out using FRODO (10) . Structure refinement was carried out by using CNS (2) and employing grouped B factors. Omit maps (21) , along with 2Fo-Fc and Fo-Fc maps, were used for building the model into the electron density.
Fo-Fc difference Fourier maps permitted an initial unambiguous positioning of the nucleotides in all three complexes. All structures were refined in a manner identical to that for the native RecA Ms . The geometric parameters for the nucleotides were obtained from the HIC-Up database (11) . A few water molecules were built into the density, where the peaks were visible at contours of at least 2.5 in Fo-Fc and 0.8 in 2Fo-Fc electron density maps. The stereochemical quality of all four structures was validated by using PROCHECK (14) . The refinement parameters are given in Table 1 . Superposition of structures was carried out using ALIGN (3) .
RecA Mt and RecA Ms have 89% sequence identity, and as expected, their structures are very similar except for the two DNA-binding loops (Fig. 1) . As in RecA Ec and RecA Mt , the RecA Ms monomer consists of a central domain (M), flanked by two smaller domains at the amino and carboxyl termini (N and C, respectively). The M domain, comprising a P loop-containing NTPase fold, hosts several functionally important regions, such as the P loop (residues 68 to 75) involved in nucleotide binding and the L1 (residues 158 to 166) and L2 (residues 196 to 211) loops involved in DNA binding.
It has been well established that the formation of a nucleoprotein filament is essential for the display of all activities of RecA (7, 8) . Molecules of RecA Ms in the crystal structure pack around the 6 1 axis to form a filament, as indeed RecA Ec (18) , determined more than a decade ago, resulted in the identification of the nucleotide binding site. However, only the ␣-carbon positions in the complex are available. The first detailed discussion of RecA-nucleotide interactions resulted from the analyses of the complexes of the M. tuberculosis protein with different nucleotides (5, 6) . The nucleotide binding region of RecA Mt is characterized by its expansion compared with that in RecA Ec , despite substantial sequence identity in the concerned regions, thus accounting for the reduced nucleotide binding affinity of RecA Mt (5, 6) . The same expansion in relation to RecA Ec also occurs in RecA Ms . In both cases, this expansion occurs in the native structure itself and is not dependent on nucleotide binding. The residues with oxygen or nitrogen atoms within 4 Å of phosphate oxygens in any one of the seven RecA Mt and RecA Ms complexes are residues 69 to 76 (the P loop) and 196. These residues constitute the phosphate binding region. Likewise, residues 105 and 242 can interact with sugar oxygens. The residues which interact with the base are 102, 105, and 267. (Fig. 2a) . Tyr 105, in addition to interacting with O4Ј through its hydroxyl group, stacks against the base. The ␣-carbons of the 11 residues involved in nucleotide binding in the two native structures superpose with a maximum deviation of 0.5 Å , indicating that the geometries of the binding sites in RecA Ms and RecA Mt are essentially the same. When the corresponding atoms in the complexes are superposed on those in the native structure, the ␣-carbon of Gln 196 deviates by 1 Å or more. Many side chain atoms of this residue deviate by more than 2 Å (Fig. 3) . This indicates substantial movement of Gln 196 with respect to the other binding site residues. Thus, the position of 196 appears to be highly sensitive to nucleotide binding.
Although the geometries of the binding sites themselves are nearly the same in all of the complexes, there is considerable variation in the positions of the nucleotides, as can be seen in Fig. 2a . The same is true in the RecA Mt complexes as well. These variations arise partly because of the conformational variations in the nucleotides themselves, as can be seen in Fig.  2b , where the nucleotides are compared by superposing their bases. The planar bases superpose very well in RecA Ms and RecA Mt complexes, with almost all atomic deviations being less than 0.1 Å . Among the sugar atoms, O5Ј, involved in the linkage to a phosphate group, and the attached C5Ј exhibit the maximum deviations. In the absence of O2Ј, O3Ј in dATP tends to move towards the position of O2Ј in the complexes involving ADP and ATP␥S. The largest deviations are exhibited by the phosphate groups. The deviations in the first, second, and terminal phosphorus atoms between the RecA Mt complexes with ATP␥S and dATP are 1.9, 1.4, and 1.4 Å , respectively. The corresponding deviations in the RecA Ms complexes are 2.1, 3.1, and 2.5 Å , respectively. The nucleotides as a whole move in the crystal structures such that deviations in atomic positions in them between the RecA Ms and RecA Mt complexes are reduced from what they are with respect to an internal coordinate system. In any case, the atomic deviations between ATP␥S and dATP are larger in the RecA Ms complexes than in the RecA Mt complexes. The differences outlined above provide a framework for examining the biochemical differences in nucleotide binding by RecA Ms and RecA Mt (8a).
DNA-binding loops L1 and L2 are undefined in the RecA Ec structure. In the RecA Mt structures, L1 is defined in one complex and L2 is defined in another (5). There is reasonable evidence for the loops in the RecA Ms -dATP complex. Their conformation and orientation appear to be different from those observed in the two RecA Mt complexes. However, it is too early to draw firm conclusions on the basis of these differences, especially as the loops are disordered in most of the relevant crystal structures.
Analyses of the mycobacterial RecA crystal structures presented here support the earlier suggestion (5) of a plausible structural basis for the relation between nucleotide binding and DNA binding. As discussed above, nucleotide binding is invariably accompanied by the movement of Gln 196. Indeed, the most conspicuous effect of nucleotide binding appears to be the movement of this residue. Gln 196 is the first residue in the L2 loop, and it could presumably function as the link for propagation of the effects of nucleotide binding to L2. However, the route for this propagation of the effect to L1 is less obvious. In this regard, the previous suggestion (5) of the involvement of a connector segment between L1 and L2 deserves further exploration.
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